The magnetic ground state of both crystalline structures has been found to be the low-spin state (S = 0). This low-spin ordering can be seen in the DOS as well as from DE LS-HS calculations. Additionally, the calculations on the supercells confirm that the local character of the ordering (i.e. within the Ni dimers)
Introduction
Metal-organic frameworks (MOFs) gained increasing interest since their initial description 1,2 due to their high porosity, high surface areas and absorption behaviour. [3] [4] [5] Such compounds consist of certain metal centers (metal) within their so-called secondary building unit which are connected via specific organic linkers (organic) to build a crystalline network (framework). Inside MOFs, there can be pores of different sizes. Those pores enable the MOF to be utilized for absorption due to their size and resulting large surface area. Several subclasses of frameworks, including so-called paddle wheels, can nowadays be synthesized leading to a variety of different types of MOFs. Some MOFs are flexible, 6 meaning that several stable crystalline structures can be obtained by absorption and desorption. From the diversity of available metal centers, open shell transition metals can introduce a magnetic ground state. In general, the main research on MOFs is concerned with their absorption behaviour and how to increase their surface areas and porosities.
On the other hand, the magnetism in MOFs has not been studied yet, but is thought to extend the already wide field of applications for MOFs. Furthermore there is a connection to the widely studied field of binuclear complexes, [7] [8] [9] [10] [11] which are the carriers of the magnetic interaction within DUT-8(Ni) and other MOFs. A special case are Ni(II) dimer systems, which have been studied in the last few years. 7, 8 Within Ni(II) dimer complexes, each Ni can be viewed as a d 8 -Ni(II). As a consequence the highest possible spin is S HS = 2 while the lowest spin is S LS = 0. In all discussions low-spin accounts for an antiparallel alignment of the spins at the magnetic centers while high-spin stands for a parallel alignment. However, the magnetic ground state in DUT-8(Ni) 12, 13 ( Fig. 1) , with one Ni dimer per magnetic unit, is still unclear. DUT-8(Ni) is flexible corresponding to two crystalline structures with so-called paddle wheels open /DUT-8(Ni) closed ), with a ratio of the unit cell volumes of V DUT-8(Ni) open E 2.6ÁV closed . The Ni atoms in these structures are coordinated by four oxygens of the organic linkers (2,6-naphthalenedicarboxylate C 12 O 4 H 6 ), the paddle wheels. The paddle wheels are connected via dabco units (1,4-diazabicyclo [2Á2Á2]octane C 6 N 2 H 12 ). 12 This leads to an additional coordination of the Ni by a nitrogen atom in the three-dimensional periodic structure of . In connection to the structural flexibility a very interesting question arises concerning the magnetic properties of such structures.
The main question to answer in the first place is whether the structural change, which occurs due to absorption into the DUT-8(Ni) closed to gain open , alters the magnetic ground state. Such an alteration could be used as an additional measure of absorption and might even be sensitive to different absorbents, as it might lead to different strengths of the coupling. To gain insight into the magnetic behaviour of this compound, DFT calculations were performed. The magnetic properties are discussed on the basis of the calculated energy difference between a low-spin and a high-spin state DE LS-HS , which describes the favoured magnetic ordering qualitatively as well as quantitatively.
For further evaluation of the strength of the magnetic interaction the Heisenberg-Dirac-Van Vleck model is applied. This model uses a Hamiltonian which describes the magnetic interaction between spins with the so-called coupling constant J.
The energy values as well as the resulting magnetizations from spin-polarized DFT calculations allow the computation of this coupling constant. It scales the energy differences to the respective total spins of the high-spin state and the low-spin state (see eqn (2) ). The sign of J is given by the favoured magnetic ordering (positive for high-spin and negative for low-spin) while its absolute value is a measure for the strength of such ordering.
Methodology

DFT calculations
All calculations have been carried out using the DFT 14,15 based program package QUANTUM ESPRESSO (QE). 16 It uses a pseudopotential approach with a plane wave 17 basis set.
The projector-augmented wave (PAW) 18 were performed using a double-z basis set with one polarization function. The set of k-points and the exchange-correlation functional are the same like in the QE calculations. The application of the GGA-PBE approach is justified by its robustness (see below), its computational efficiency and the minimum number of required parameters. These are advantages compared to hybrid functionals (e.g. B3LYP) or DFT + Fig. 1 was performed. However no major changes in the magnetic behaviour are expected once certain substances are absorbed (as long as those substances do not carry some spin polarization on their own).
Heisenberg-Dirac-Van Vleck model
A description of the magnetic behaviour, as introduced by the coupling of local spins at different magnetic centers, is given by the Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian [24] [25] [26] 
where J ij is the so-called coupling constant between neighbouring spins while -S i and -S j are spin operators of the magnetic centers i and j. A high-spin state, meaning a parallel alignment of the spins, is indicated by a positive value of the coupling constant J ij while a negative value refers to a low-spin state and an antiparallel alignment. The coupling constant for dimers (i = 1 and j = 2) can be related to the total energies and the total spins of two magnetic orderings
Such energies and total spins can be taken from spin-polarized DFT calculations. The local spins -S i and -S j at each centers do not have to be taken into account. The denominator in eqn (2) becomes six for a Ni dimer (S HS = 2, S LS = 0), two for a Cu dimer (S HS = 1, S LS = 0) and three for a mixed Ni-Cu dimer (S HS = 3/2, S LS = 1/2). This consideration leads to the values given in Table 3 .
Structures and models
The tetragonal unit cell (a = b E 18.679 Å and c E 9. It can be shown, e.g. for the MOF HKUST-1, 27 that the magnetic interaction can be described by molecular model systems. For an in-depth insight into the magnetic interaction within DUT-8(Ni), several molecular model systems were generated ( Fig. 4 and Table 1 ). This allows to analyze possible alterations of the magnetic ground state which are related to changes in the chemical environment of the magnetic centers rather than the structural change in the periodic systems. Thus several ways to influence the magnetic properties have been employed. For the initial models M1 (Ni 2 (HCOO) 4 (NH 3 ) 2 , Fig. 4 ) the coordinates of the atoms inside the magnetic unit within the crystalline systems were used. To achieve charge neutrality the carbon of the organic linkers as well as the nitrogen of the dabco units were terminated with hydrogen. These initial structures were modified ( 
Results
Crystalline systems
The The contribution of the different spin densities for DUT-8(Ni) closed is not symmetric anymore (Fig. 5b) . However, one of the Ni contributes mainly to one of the spin species while the other magnetic center contributes to the other one (Ni 1 k, Ni 2 m). The spins at the two magnetic centers are aligned antiparallel and the overall magnetic ordering should be the low-spin state as well.
The calculated energy differences between a low-spin and a high-spin coupled system for the two crystalline system give a qualitative as well as quantitative insight into the magnetic ordering (the results for DUT-8(Ni) open are adjusted, meaning that the given DE LS-HS has been divided by 2 in order to account to one Ni dimer and to be comparable to DUT-8(Ni) closed ). The calculations give which is in good agreement with the results of the QE calculations. Using eqn (2) and the given DE LS-HS from the DFT Thus for no optimization there is no change in the magnetic interaction while for fully geometry optimized structures small changes in the magnetic strength can be observed. Overall the vdW interaction plays no role in the determination of the magnetic ground state. Table 2 ). Several magnetic orderings were introduced to the Ni dimers within the supercells and the resulting energies were compared to figure out which magnetic ordering is the energetically most favoured one (Table 2) .
Supercell calculations
First the results indicate that the local low-spin ordering is the energetically most favoured coupling of all possible interactions. This confirms the results achieved by the calculations on single unit cells. Second they provide the information that for local high-spin behaviour, every global low-spin ordering shows lower energies than any global high-spin ordering. The only exception occurs for a high-spin coupling along the dabco linker units (the second coupling for DUT-8(Ni) closed in Table 2 ). There, a very small energy difference to the global high-spin case (mmmm) is found. An explanation is the interaction between Ni and N, which has a major influence on the magnetic behaviour (see Section 3.3). For the other global low-spin couplings similar energies are found where the coupling along the dabco units is always low-spin. Thus the interactions along the dabco units determine which coupling is favoured. A local high-spin state can be gained by altering the chemical environment of the magnetic centers, as shown in the next section.
Molecular models
To further study the magnetic interaction between the Ni atoms in DUT-8(Ni), several molecular model systems were generated. With such models, the chemical environment of the magnetic centers can be modified. Additionally, the magnetic centers themselves were exchanged (Table 1) . 
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The used molecular models (M1) (Fig. 4) show a similar behaviour considering the DE LS-HS in comparison to their respective crystal structures (Table 3) . These systems were modified to study influences of different chemical environments as well as an exchange of magnetic centers. If such alterations would be implemented into the crystalline structures, a similar magnetic behaviour is expected. The inclusion of the phenyl groups (M2), which describe the system with organic linkers, shows basically no change in the magnetic ground state and can be neglected for all other models.
The removal of the NH 3 groups (M3, M4) is interesting in that it leads to a high-spin state due to the missing interaction between the N to one of the Ni. An increase in the coupling strength can be observed when removing both NH 3 groups. Without the N-Ni interaction, the electron density of the Ni 'relaxes' towards to the other Ni, which changes the interaction between them. The resulting ground state has a S HS = 1 total spin. An overlap of the electron densities of the Ni due to the mentioned relaxation is assumed. Thus there are two electrons in between the Ni with a low-spin coupling (mk) while the outer electrons couple high-spin (mm). This is confirmed by calculations of the electron localization functions (ELFs) revealing paired electrons in between the Ni. As there are no paired electrons in the M1 models, the previous assumption is validated. Transferring the alterations to the crystalline systems can be thought of as a removal of a dabco unit which separates the paddle wheels within the DUT-8(Ni). 12 30 the expectations arise that major changes in the magnetic ground state occur and that the Ni-N interaction plays an important role for the magnetic interaction. For M9, M10 and M11 these expectations are met. In those models, the high-spin state is favoured and obtains a S HS = 1. For the interpretation again an ELF analysis can be used. In each of them, there is a clear indication of a bond between the two Ni, thus two spins are always mk. In M9 the Ni is coordinated by yet another oxygen instead of a N. While DE LS-HS is small in comparison to the other two systems, the magnetic ground state already changes to a high-spin state. This indicates that the Ni-N interaction is vital for the magnetism in the systems. For M10 the energy difference increases by about a factor of 5 compared to M9 due to the stronger interaction of the oxygen with its attached C. In M9, the hydrogens obtain single bonds to the oxygen. In M10 there is a double bond to C, thus redistributing the valence electrons of oxygen. In M11 a further increase in DE LS-HS is observed, even though the N is neither removed nor exchanged. However, in the M1 models the N forms three bonds to H, thus obtaining a sp 3 -hybridisation. For M11 one gets NRC-H corresponding to a sp-hybridisation at the carbon atom which leads to a higher separation between the low-spin state and the high-spin state. All discussions so far were carried out for the DUT-8(Ni) open models. In the corresponding DUT-8(Ni) closed models a similar magnetic behaviour is found (Table 3) . However, the quantitative values for DE LS-HS are smaller. This can be attributed to the deviation in the structural conformation between DUT-8(Ni) open and DUT-8(Ni) closed . The biggest differences are observed for the models M4 and M6, where the DUT-8(Ni) closed models show a very small energy difference between the high-spin state To simulate the removal of a dabco linker unit within the crystalline structures another model system is introduced. The system consists of two M3 molecules which are facing each other at the free Ni sites. The results of this approach are displayed in Fig. 6 . Only the DUT-8(Ni) open models were taken into account. Similar effects should be observed for the respective DUT-8(Ni) closed models. Starting from a distance between the free Ni sites of d Ni-Ni = 2.3 Å (binding situation), it has been steadily increased by 0.1 Å steps to d Ni-Ni = 9.3 Å (two isolated systems). The corresponding distance in the crystals with a dabco unit is d crystal E 6.8 Å. Trends of the energy depending on the distance were investigated while two different magnetizations were imposed to the systems. As shown earlier, the magnetic ground state for M3 has been found to be a high-spin state. Thus the two M3 molecules were generated with a local high-spin state, while the global coupling of the system was chosen to be either a high-spin (mmmm) or a low-spin one (mmkk). First, the global interaction has basically no influence on the resulting total energy. Thus, the local interaction is of major importance and only one graph is displayed in Fig. 6 . Second, a shallow energy minimum is found at a distance of about 2.9 Å. Whether this minimum can be realized in the crystalline structures is however questionable. Another observation from Fig. 6 is that for a Ni-Ni distance lower than 2.5 Å the system becomes strongly unfavourable due to the formation of a bond between the two free Ni sites. This distance can be related to the metallic, crystalline fcc Ni phase, where a lattice constant of a = 3.524 Å 31 is found. Thus the Ni-Ni distance accounts to d Ni-Ni ¼ a ffiffi ffi 2 p ¼ 2:492 Å, in agreement with the trend seen in Fig. 6 .
Conclusions
The electronic and magnetic properties of the flexible MOF DUT-8(Ni) have been investigated by means of DFT. For a qualitative and quantitative analysis of the magnetic behaviour the energy difference between a low-spin and a high-spin coupling has been calculated. The DFT results were used as parameters for the calculation of the coupling constant as derived from the Heisenberg-Dirac-Van Vleck Hamiltonian. It has been found that the Ni-N interaction is most important for the magnetism within the systems. In both crystalline structures (DUT-8(Ni) open /DUT-8(Ni) closed ) a low-spin ordering (S = 0) has been found to be the most favoured one. This result is confirmed by the supercell calculations, where a variety of different couplings between multiple unit cells has been analyzed, as well as from calculations including the vdW interaction. Several molecular model systems suggest a possible switch of the magnetic ground state to a high-spin character (S a 0) of the coupling by certain changes in the structure. Especially the removal of the NH 3 groups can be related to the removal of a dabco linker unit within the crystalline systems. All alterations can and should be introduced to the periodic systems both theoretically as well as experimentally to find out whether the modifications influence the magnetic ground state as indicated by the model systems.
